Introduction
============

Since first reported by Huang et al in 1991,[@b1-opth-10-2259] the optical coherence tomography (OCT) has become an essential diagnostic tool for monitoring patients with macular diseases and to evaluate the efficacy of treatment.[@b2-opth-10-2259] Specifically, the OCT-measured retinal thickness has become an integral part of routine clinics and has been chosen as a primary end point in countless clinical studies.[@b3-opth-10-2259]--[@b6-opth-10-2259]

Several studies have reported the accuracy,[@b7-opth-10-2259] precision,[@b8-opth-10-2259] and influencing factors[@b9-opth-10-2259]--[@b11-opth-10-2259] of OCT measurements such as retinal nerve fiber layer (RNFL) thickness. Time domain OCT (Stratus OCT, Carl Zeiss, Jena, Germany) uses partial coherence interferometry to obtain the optical A-scans of the retina. Using this method, changes in the reflectivity are utilized in order to define the different retinal boundaries. The once popular signal-to-noise ratio has now been replaced by signal strength as the essential method of assessing quality. The signal strength measurement is in fact a combination of signal-to-noise ratio with the uniformity of the signal. It is measured on a scale of 1--10 with 1 representing the poorest image quality and 10 the best. Signal strength serves as the main method of assessing the quality and its effect on RNFL thickness measurement is well documented.[@b9-opth-10-2259]--[@b11-opth-10-2259] Scans with lower signal strength have been shown to be less accurate, most probably due to segmentation error.[@b12-opth-10-2259] However, it is unclear whether scans with lower signal strength that maintain correct segmentation of the layers produce reliable measurements of macular thickness.

Of the several scanning programs provided by the Stratus, one of the most commonly employed protocols for assessing the macula, due to its time efficiency, is the fast macular thickness map protocol.[@b13-opth-10-2259] To the best of our knowledge, no study has investigated the effect of signal strength on macular thickness measurements using the fast macular thickness map protocol in healthy subjects.

The purpose of this study was to examine the relationship between signal strength and macular thickness as measured by Stratus OCT's fast macular thickness protocol in healthy subjects. Specifically, we sought to examine whether scans with lower signal strength with correct segmentation produce similar results to those with higher signal strength.

Materials and methods
=====================

All data for this prospective cohort study were collected and analyzed in accordance with the policies and procedures of the Institutional Review Board of the Meir Medical Center and the tenets set forth in the declaration of Helsinki. This study was approved by the Institutional Review Board of the Meir Medical Center. Written informed consent for participation in the study was obtained from all participants.

Study participants
------------------

A total of 79 eyes of 42 subjects were enrolled in this cross-sectional study. Volunteers were recruited among employees at the Meir Medical Center. Subjects were enrolled in the study if they had no history or evidence of eye disease or surgery 20/30 visual acuity, intraocular pressure \<22 mmHg, refractive error \<±4 diopters spherical equivalent or 3 diopters of astigmatism, and normal-appearing optic nerve head and retina on dilated fundus examination.

The age, gender, and eye (right vs left) of each subject were recorded. OCT was performed with the Stratus OCT (analysis software version 5.0.1). The fast macular thickness scan protocol was used and the macular thickness was measured with retinal thickness map analysis as previously reported.[@b14-opth-10-2259]--[@b16-opth-10-2259] By adjusting the focusing knob of the OCT imaging system, images with different signal strength can be acquired as previously described.[@b9-opth-10-2259] By adjusting the focusing knob, the image is defocused gradually in order to intentionally reduce the signal strength. Each eye was imaged at signal strengths of 4, 5, 6, 7, 8, and 9 with a set of three images taken for each signal strength (overall 18 scans). Subjects were encouraged to blink their eyes after each scan. Scans would not be included if they failed to complete the OCT scanning or if visible segmentation errors were detected. Only scans with correct segmentation of the layers were included and therefore multiple attempts were performed in the lower signal strength range. The parameters included in the analysis were thickness in the central 1 mm and in the different quadrants in the 3-mm area.

Statistical analysis
--------------------

Data were analyzed using StatSoft Statistica software, version 10 (StatSoft, Tulsa, OK, USA). A repeated-measures analysis of variance was conducted to compare means for each of the macular quadrants according to four increments in signal strength. A post hoc Bonferroni test was used for correction of multiple comparisons. The tested eye was included in the analysis as a covariate in order to control for potential inter-ocular influences. Student's *t*-test was used to compare independent groups' averages, and Pearson correlation coefficients (and respective *P*-values) were calculated for the relationship between continuous variables. Variables that were found to be associated with thickness measurement were entered into a general linear regression model in order to verify their independent effect. Continuous variables are presented as mean ± standard deviation. A two-sided *P*-value of \<0.05 was considered statistically significant.

Results
=======

Overall there were 79 eyes of 42 patients. The mean age of patients was 38.4±12.4 (range 18--67), and 62% were female.

[Figure 1](#f1-opth-10-2259){ref-type="fig"} provides an example of a subject with a macular thickness scan with signal strengths between 4 and 9 and fulfilling the study protocol of no segmentation errors. Central thickness was slightly greater in males when compared with females (215.3±11.9 vs 194.9±15.3, *P*\<0.0001; respectively). The same was observed for the superior quadrant (287.1±9.1 vs 280.2±14.3, *P*\<0.0001, respectively), nasal quadrant (286.4±8.3 vs 277.3±15.7, *P*\<0.0001, respectively), inferior quadrant (288.6±8.1 vs 278.2±13.7, *P*\<0.0001, respectively), and temporal quadrant (273.3±8.5 vs 264.7±13.0, *P*\<0.0001, respectively).

There was no correlation between the subject's age and central thickness measurement (*r*=0.03, *P*\>0.05). There was however an inverse correlation between the age and the superior quadrant thickness (*r*=−0.19, *P*\<0.0001), the nasal thickness (*r*=−0.18, *P*\<0.0001), the inferior thickness (*r*=−0.19, *P*\<0.0001), and the temporal thickness (*r*=−0.22, *P*\<0.0001).

Full measurement data for four signal strengths (5--8) for the macular center and four quadrants was available for 48 eyes of 24 patients, which were included in the repeated-measures analysis.

There was no significant difference between the measurements obtained with different signal strengths in the central thickness (*P*=0.20; [Figure 2](#f2-opth-10-2259){ref-type="fig"}).

In the superior quadrant, on the other hand, a signal strength of 8 yielded a greater thickness measurement in comparison with each of the lower signal strength measurements (*P*\<0.02 for all comparisons; [Figure 3](#f3-opth-10-2259){ref-type="fig"}).

In the nasal quadrant ([Figure 4](#f4-opth-10-2259){ref-type="fig"}), a signal strength of 8 yielded a greater thickness measurement when compared with a signal strength of 6 (*P*\<0.05) and a signal strength of 5 (*P*\<0.05), but not when compared with a signal strength of 7 (*P*\>0.05).

In the inferior quadrant ([Figure 5](#f5-opth-10-2259){ref-type="fig"}), similarly, a signal strength of 8 yielded a greater thickness measurement when compared with a signal strength of 6 (*P*\<0.01) and a signal strength of 5 (*P*\<0.05), but not when compared with a signal strength of 7 (*P*\>0.05).

Also in the temporal quadrant ([Figure 6](#f6-opth-10-2259){ref-type="fig"}) a signal strength of 8 yielded a greater thickness measurement in comparison with each of the lower signal strength measurements (*P*\<0.02 for all comparisons; [Figure 3](#f3-opth-10-2259){ref-type="fig"}).

Finally, a linear regression analysis confirmed that signal strength was not a significant predictor of central thickness measurement (*P*\>0.05), while female gender was an independent predictor of lower central thickness measurement (partial *r*=−0.56, *P*\<0.0001). In a regression analysis for superior quadrant thickness, signal strength did not remain a significant predictor of thickness measurement (*P*\>0.05), while female gender (partial *r*=−0.23, *P*\<0.0001) and age (partial *r*=−0.11, *P*\<0.05) were independent predictors of a lower quadrant thickness measurement. In a regression analysis for nasal quadrant thickness, signal strength and age did not remain significant predictors of thickness measurement (*P*\>0.05), while female gender (partial *r*=−0.3, *P*\<0.0001) remained an independent predictor of a lower quadrant thickness measurement. The same was observed for inferior thickness analysis, in which only female gender (partial *r*=−0.4, *P*\<0.0001) remained an independent predictor of a lower quadrant thickness measurement. In a regression analysis for temporal quadrant thickness, similarly signal strength did not remain a significant predictor of thickness measurement (*P*\>0.05), while female gender (partial *r*=−0.31, *P*\<0.0001) and age (partial *r*=−0.11, *P*\<0.05) were independent predictors of a lower temporal quadrant thickness measurement.

Discussion
==========

Retinal thickness, defined as the distance between the vitreoretinal interface and the highly reflective thin band adjacent to the retinal pigment epithelium, is a routine parameter used to diagnose and monitor the progress of patients suffering from a wide spectrum of ocular pathologies.[@b3-opth-10-2259]--[@b6-opth-10-2259]

In many parts of the world, despite its smaller optical axial resolution of 10 µm, the Stratus OCT is still in use in both clinical practice and research. A search in PubMed with the query "retina AND thickness AND OCT AND stratus" provided 26 results in 2014--2015 alone. Therefore, correctly interpreting and adjusting the measurements based on signal strength is imperative.

The Stratus OCT fast macular thickness map protocol, which is relatively quick and easy to perform, has gained popularity and is currently used in both clinical practice and trials.[@b17-opth-10-2259] The importance of identifying factors that may influence the fast macular thickness measurements has been recognized. Several factors such as age,[@b18-opth-10-2259],[@b19-opth-10-2259] ethnicity, gender,[@b20-opth-10-2259] the presence of a cataract,[@b21-opth-10-2259] and the presence of posterior capsular opacification[@b22-opth-10-2259] have been reported to have a significant correlation with the measurement of macular thickness.

In these prospective 79 eyes of 42 healthy subjects, we found that higher signal strengths demonstrated thicker measurements than lower signal strengths. However, the clinical significance in such cases was quite small (2--3 µm difference). Furthermore, in general linear regression analysis which accounted for gender and age showed that the signal strength no longer remained a predictor of thickness measurements. To the best of our knowledge, this is the first study to focus on the effect the signal strength has on fast map macular measurements by studying scans of healthy subjects without visible segmentation errors.

Previous studies have focused mainly on the effect of signal strength on RNFL measurements. Cheung et al[@b9-opth-10-2259] examined this effect in 40 healthy subjects and found that an increase in signal strength from 5 to 10 could lead to an increase of 10% in measurements. A study by Wu et al[@b11-opth-10-2259] showed that scans with higher signal strengths are associated with greater RNFL thickness measurements up until a signal strength of 7 out of 10. This study has shown that there is no clinically significant difference in macular thickness measurement between a signal strength of 5 or a signal strength of 8 (3 µm difference).

In this study, a significant inverse correlation was found between age and the superior and temporal quadrant measurement areas. These results are supported by those of two previous reports on the relationship between age and Stratus OCT macular measurements.[@b18-opth-10-2259],[@b19-opth-10-2259] Sung et al detected lower macular measurements as age increased in all of the measured areas except the center area.[@b19-opth-10-2259] They postulated that this was the result of the central foveal area being devoid of RNFL therefore remaining relatively stable throughout life.[@b19-opth-10-2259] Eriksson and Alm reported a similar negative relationship between retinal thickness and age for all of the measured areas with the weakest being in the central foveal area.[@b18-opth-10-2259] Neuville et al reported macular thinning with age, with the greatest amount of thinning occurring in the area nasal to the fovea, accounted partially by the corresponding loss of RNFL.[@b23-opth-10-2259]

In this study, in all measured areas, females demonstrated an association with lower thickness measurements in multivariate analyses. This finding is supported by those of previous studies that found that males have thicker foveal measurements than female counterparts.[@b20-opth-10-2259],[@b24-opth-10-2259],[@b25-opth-10-2259] As the difference in retinal thickness between genders seems to be greater in younger populations (as opposed to older adults), it has been suggested that a gonadal hormonal influence may contribute to this finding.[@b24-opth-10-2259]

As retinal thickness, obtained via fast map macular measurements, is used to diagnose and monitor patients with several diseases,[@b26-opth-10-2259] imprecise measurements or measurements made with varying signal strengths may lead to miscalculating treatment response therefore baffling treatment decision making or misinterpreting clinical research conclusions. However, apparently, a cutoff signal strength of 5 may be as good as a cutoff signal strength of 7 or even 8.

Several studies have reported the results of comparing multiple OCT devices with each other,[@b27-opth-10-2259]--[@b29-opth-10-2259] including methods of converting measurements from one model to those of another.[@b30-opth-10-2259] In this study, the signal strength did not play a significant role in predicting macular thickness measurements. This may imply that signal strength in itself is not a critical element to take into consideration when comparing between models or measurements or when building formulas to convert measurement from one model to another. This also strengthens the notion that retinal layer segmentation and shifting of the boundaries for measurement is much more likely to affect macular thickness measurements than the signal strength itself. Therefore, relying on the signal strength itself is insufficient and clinicians should always verify that scans have correctly segmented the layers of the retina.

A limitation of this study is its relatively small sample size. Despite not including scans with segmentation errors in this study, one must also bear in mind that the fast macular protocol itself allows for a shorter acquisition time at the cost of being prone to segmentation errors and therefore this study's findings may not apply to other protocols. In addition, the method of adjusting the focusing knob to obtain a variety of signal strengths, though previously described,[@b9-opth-10-2259] may differ from the clinical setting when signal strength is reduced by media opacity such as cataract. Last, a gold standard measurement by spectral domain OCT was not performed in these eyes, future studies may consider doing so as this would provide useful information.

In conclusion, when using fast map macular measurements, a signal strength of 5 is clinically as efficient as a signal strength of 8 in measuring macular thickness in all quadrants. Insisting on higher signal strength may not be necessary.
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![Scans of different signal strengths (4--9) of the same subject.\
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